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Summary. Diabetic nephropathy (DN) is a major cause
of end-stage renal disease (ESRD), however, specific
treatment for DN has not yet been elucidated. Therefore,
it is critically important to understand the molecular
mechanism underlying DN to develop cause-related
therapeutic strategy. To date, various factors such as
hemodynamic changes and metabolic pathways have
been shown to be involved in the pathogenesis of DN.
Excessive glucose influx activates cellular signaling
pathways, including the diacylglycerol (DAG)-protein
kinase C (PKC) pathway, advanced glycation end-
products (AGE), polyol pathway, hexosamine pathway
and oxidative stress. These factors interact with one
another, thereby facilitating inflammatory processes,
leading to the development of glomerulosclerosis under
diabetic conditions. In addition to metabolic pathways,
Rho-kinase, an effector of small-GTPase binding protein
Rho, has been implicated as an important factor in the
pathogenesis of DN. A number of studies have
demonstrated that Rho-kinase plays key roles in the
development of DN by inducing endothelial dysfunction,
mesangial excessive extracellular matrix (ECM)
production, podocyte abnormality, and tubulointerstitial
fibrosis. In this review article, we describe our current
understanding of the signaling pathways in DN.

Key words: Diabetic nephropathy, Hemodynamic
mechanism, Metabolic pathways, Rho-kinase

Offprint requests to: Daiji Kawanami, Division of Diabetes, Metabolism
and Endocrinology, Department of Internal Medicine, Jikei University
School of Medicine, 3-25-8 Nishi-shinbashi, Minato-ku, Tokyo 105-8461,
Japan. e-mail: daijika@jikei.ac.jp

DOI: 10.14670/HH-11-777

Introduction

The numbers of patients with diabetes are increasing
in both developed and developing countries. The factor
which determines the prognosis of diabetic patients is
diabetic complications, in particular, diabetic
nephropathy (DN). Great advances have been made in
developing novel anti-diabetic agents in the last decade.
However, overcoming diabetic complications has not
been accomplished. This fact indicates that conventional
therapy to manage risk factors such as hyperglycemia,
hypertension, and dyslipidemia is not sufficient to inhibit
the development and progression of DN.

It is widely accepted that DN is strongly associated
with cardiovascular events. There is clear association
between the progression of DN and risk of death (Adler
et al., 2003). Therefore, understanding the molecular
mechanism underlying DN is critically important not
only for scientific reasons, but also to improve the
prognosis of patients with diabetes. In this review article,
we describe the signaling pathways involved in the
development of DN. Furthermore, a significant body of
evidence demonstrates that small GTPase binding
protein Rho and its effector Rho-kinase play key roles in
the pathogenesis of DN. According to this background,
the emerging role of Rho-kinase in DN is also discussed.

Pathogenesis of DN
Hemodynamic mechanism

Glomerular pressure is constantly maintained by
balancing the vascular resistance of afferent arterioles

and efferent arterioles and autoregulation, such as
tubuloglomerular feedback (TGF) (Premaratne et al.,
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2015). However, these balances are impaired under
diabetic conditions. Hyperglycemia increases the blood
flow into afferent arterioles, resulting in an increase in
glomerular filtration (glomerular hyperfiltration) and
excess glomerular pressure (intraglomerular hyper-
tension). Glomerular hyperfiltration is a compensatory
mechanism that covers a reduced number of functioning
nephrons and maintains the glomerular filtration rate of
the kidney by increasing the filtration rate per single
nephron (Helal et al., 2012). However, cellular functions
collapse under chronic glomerular hyperfiltration and
sustained intraglomerular hypertension.

Intrarenal RAS activity is increased in the diabetic
milieu. Angiotensin II is locally produced in the kidney
and contracts efferent arterioles, leading to
intraglomerular hypertension (Forbes et al., 2007).
Hyperglycemia and insulin resistance cause RAS
activation. A recent study demonstrated that angiotensin-
converting enzyme (ACE)2 plays a key role in the
development of glomerular hyperfiltration (Tikellis et
al., 2014). ACE2-deficient mice showed a lack of
glomerular hyperfiltration or increased glomerular
hydrostatic capillary pressure in response to
hyperglycemia or a high-protein diet (Tikellis et al.,
2014). Clinically, RAS inhibitors have been shown to
attenuate albuminuria in patients with diabetes (Brenner
et al., 2001; Makino et al., 2007). Angiotensin II has
fibrotic effects on the glomeruli. It has been shown that
angiotensin II stimulates TGF-B-mediated extracellular
matrix (ECM) production in mesangial cells (Kagami et
al., 1994) by activating protein kinase C (PKC)
(Arendshorst et al., 1999; Nagahama et al., 2000) and
NF-#B (Ruiz-Ortega et al., 2000).

Regulation of contraction of afferent arterioles is
impaired in diabetes, therefore the blood flow into the
glomeruli is increased. Calcium influx into the vascular
smooth muscle of the afferent arterioles is reduced and
their contraction is suppressed (Carmines et al., 1996).
In addition, it has been reported that the increase of
prostaglandin is associated with impaired myogenic
responsiveness of the afferent arterioles (Hayashi et al.,
1992).

Finally, TGF plays an important role in auto-
regulation of the afferent arterioles (Gilbert, 2014). The
macula densa controls contraction and dilatation of the
afferent arterioles by the concentration of NaCl. In
response to an increased NaCl concentration in the
macula densa, the afferent arterioles contract to reduce
the blood flow into the glomeruli. Conversely, a
decreased NaCl concentration in the macula densa leads
to afferent arteriole dilatation to increase the blood flow
into the glomeruli to maintain a constant GFR (De
Nicola et al., 2014). In diabetes, the glucose
concentration in the glomerular filtrate is increased and
reabsorption of glucose through sodium glucose co-
transporter (SGLT) 2 in the proximal tubule is enhanced.
In addition, reabsorption of sodium in the proximal
tubule is also enhanced by SGLT2. SGLT2 inhibitors
have recently appeared as a novel therapeutic option

against diabetes. As SGLT2 inhibitors suppress
reabsorption of sodium along with glucose, they may
contract the afferent arterioles by inducing TGF (Gilbert,
2014). According to these observations, the preventive
effects of SGLT?2 inhibitors on glomerular hyperfiltration
have been proposed. Indeed, recent clinical studies
demonstrated that SGLT2 inhibitors suppress glomerular
hyperfiltration (Cherney et al., 2014) and attenuate
albuminuria in patients with diabetes (Yale et al., 2014).

Metabolic mechanisms

Although intracellular glucose is metabolized
primarily by glycolysis, excess intracellular glucose is
subject to metabolism by alternative pathways under
diabetic conditions. The accumulation of metabolites of
these pathways plays an important role in the
pathogenesis of DN. The diacylglycerol (DAG)-PKC
pathway, advanced glycation end-products (AGE),
polyol pathway, hexosamine pathway and oxidative
stress are known (Fig. 1).

DAG-PKC pathway

PKC is a serine/threonine-related protein kinase and
is involved in various cellular signaling pathways
(Geraldes and King, 2010). PKC has been shown to be
activated in the vessels, retina and glomeruli under
diabetic conditions (Rask-Madsen and King, 2013). PKC
has multiple isoforms that are classified into
conventional PKCs (., {3, and v), novel PKCs (9, €, 7,
and 0), and atypical PKCs (1 and €) according to their
structures and modes of activation (Geraldes and King,
2010; Rask-Madsen and King, 2013). Conventional
isoforms are activated by Ca%*, DAG, phospholipids,
such as phosphatidylserine and phorbol esters. Novel

PKC

Hexosamine "
Pathway

Polyol
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Glomerulosclerosis
V Rho-kinase
Oxidative /
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Fig. 1. Signaling pathways in DN. Multiple metabolic pathways are
activated under diabetic conditions. These pathways interact with one
another, thereby promoting the development of DN.
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isoforms are activated by DAG, but not Ca?*, because
they do not possess Ca’* binding activity. Atypical
isoforms do not contain either Ca** binding activity or
DAG binding activity. The total DAG levels are elevated
in vascular tissues and glomeruli under diabetic
conditions (Craven et al., 1990). DAG levels are also
elevated in the diabetic milieu due to an increase in the
glycolytic intermediate dihydroxyacetone phosphate.
This intermediate is reduced to glycerol-3-phosphate,
which subsequently increases de novo synthesis of DAG
(Xia et al., 1994; Geraldes and King, 2010).
Accumulated DAG in the cell activates PKC by binding
to the DAG binding site in the regulatory domain of
PKC (Newton, 2001). AGEs and oxidative stress also
increase PKCf activity in mesangial cells (Scivittaro et
al., 2000). PKC activates downstream inflammatory
signals, including oxidative stress, thereby promoting the
progression of DN.

Genetic deletion and pharmacologic inhibition of
PKCp has been shown to exhibit beneficial effects
against DN. Ruboxistaurin, a PKC[} inhibitor, has been
shown to inhibit DN in an experimental diabetes model
by improving hemodynamics (Ishii et al., 1996) and
ameliorating mesangial expansion (Koya et al., 2000).
Consistent with these findings, a study utilizing PKCf
knockout mice showed attenuation of albuminuria and
glomerulosclerosis in a streptozotocin-induced diabetes
model accompanied by inhibition of NADPH oxidases
and fibrotic factors, such as endothelin (ET)-1, vascular
endothelial growth factor (VEGF), transforming growth
factor (TGF)-p and connective tissue growth factor
(CTGF) (Ohshiro et al., 2006). PKC[} has been shown to
be involved in regulation of glucagon-like peptide
(GLP)-1 receptors in glomerular endothelial cells (Mima
et al., 2012). Endothelial cell-specific overexpression of
PKC{ resulted in a greater loss of the endothelial GLP-1
receptor expression. Furthermore, albuminuria and
mesangial expansion were exaggerated in these mice
under diabetic conditions (Mima et al., 2012). It has
been shown that PKCa knockout mice are resistant to
the development of albuminuria and glomerular
hyperfiltration (Menne et al., 2004). Furthermore, dual
inhibition of PKCa and PKCf showed a significant
reduction in albuminuria and ECM production in
experimental diabetic models (Menne et al., 2013).

Advanced Glycation End-products (AGEs)

AGEs such as carboxymethyl lysine are products of
nonenzymatic glycation and protein oxidation. AGE
formation is accelerated by hyperglycemia (Ramasamy
et al., 2011). AGEs alter the protein function and elicit
inflammatory signaling pathways via receptor for AGEs
(RAGE). AGEs have been shown to promote glomerulo-
sclerosis and podocyte abnormalities via NF-zB
activation, nitric oxide (NO) downregulation, and ROS
generation (Vlassara et al., 1994; Lu et al., 1998;
Checherita et al., 2016). RAGE has been shown to
interact with non-AGE ligands such as S100/
calgranulins and high mobility group box 1 (HMGB1)

(Hofmann et al., 1999; Taguchi et al., 2000). Targeting
RAGE by gene-deletion or neutralizing antibody
resulted in attenuation of glomerulosclerosis and
podocyte abnormalities in experimental diabetic models
(Wendt et al., 2003; Flyvbjerg et al., 2004; Jensen et al.,
2006; Reiniger et al., 2010).

Polyol pathway/Hexosamine pathway

Glucose is reduced to glucose-6-phosphate by
glucokinase and then proceeds to the TCA cycle in the
glycolytic pathway. Under hyperglycemic conditions,
alternative pathways such as the polyol and hexosamine
pathways are utilized. In the polyol pathway, glucose is
reduced to sorbitol by aldose reductase (AR) and
subsequently converted to fructose by sorbitol
dehydrogenase (SDH). The accumulation of sorbitol has
been implicated in the pathogenesis of diabetic
complications. Increased intracellular glucose promotes
the flux of glucose into the polyol pathway. This
pathway consumes NAD™ in sorbitol reductase reaction
and NADPH in AR reaction as a coenzyme. NADH is
produced in sorbitol reductase reaction, thereby
increasing the intracellular NADH/NAD™ ratio, leading
to inhibition of glyceraldehyde-3 phosphate dehydro-
genase (GAPDH) activity (Forbes et al., 2007). Because
GAPDH is required for the glycolytic conversion of
glyceraldehyde 3-phosphate, inactivation of GAPDH
results in an increase of glyceraldehyde 3-phosphate,
which causes production of methylglyoxal, an AGE
precursor and DAG (Brownlee, 2001; Rask-Madsen and
King, 2013). Furthermore, a decrease of NADPH causes
inhibition of NO synthase (NOS) activity because NOS
utilizes NADPH as a coenzyme (Forstermann and Sessa,
2012). It has been shown that AR inhibition attenuates
high glucose-mediated PKC activation and the TGF-3
expression in mesangial cells (Ishii et al., 1998). AR
inhibitors have been investigated in experimental
diabetic models and human DN, however, the results are
inconsistent (Forbes et al., 2007). In the hexosamine
pathway, glucose-6-phosphatase is converted to fructose-
6-phophate as a part of the glycolytic pathway and
subsequently converted to glucosamine-6-phosphate,
and further uridine 5’-diphospho(UDP)-N-acetyl
glucosamine (UDP-GIcNAc) by glutamine:fructose-6-
phosphate aminotransferase (GFAT). UDP-GlcNAc
provides O-GlcNAc modification of the serine/threonine
residue of protein and competes with phosphorylation,
leading to inhibition of the protein function such as
insulin signaling (Yang et al., 2008). It has also been
shown that the hexosamine pathway induces TGF-f3
synthesis (Weigert et al., 2001) and GFAT blockade
inhibits the TGF-p expression as well as ECM
production in mesangial cells (Schleicher and Weigert,
2000; Weigert et al., 2003).

Oxidative stress

Oxidative stress is induced by the imbalance of ROS
generation and endogenous antioxidant activity. ROS
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elicits inflammatory signaling pathways. There are
numerous sources of ROS production, including
NADPH oxidase and mitochondria. NADPH oxidase
can be activated by an increase in the NADH/NAD*
ratio induced by increased flux through the polyol
pathway (Rask-Madsen and King, 2013). NADPH
oxidase activity is increased by high-glucose and free
fatty acid-mediated PKC activation (Inoguchi et al.,
2000). AGEs have been shown to promote ROS
generation by modulating catalytic sites in the molecular
structure (Yagihashi, 1997) and via RAGE (Wautier et
al., 2001). Mitochondria are an important source of
ROS. Glucose influx into cells causes glycolysis to form
pyruvate and then enters into the TCA cycle, leading to
production of ATP through oxidative phosphorylation in
the mitochondrial respiratory chain complex. NADH and
FADH2 which are generated from the TCA cycle act as
electron donors during oxidative phosphorylation to
create a proton gradient over the inner mitochondrial
membrane (Kashihara et al., 2010). In this process,
NADH and FADH?2 are transferred to molecular oxygen
(O,) and most of the O, is reduced to water; therefore,
less than 1% of O, is converted to superoxide anion
(Kashihara et al., 2010). Under mitochondrial
dysfunction such as diabetes, the proton gradient
increases and inhibits the transfer of electrons from
coenzyme Q to complex III of the electron chain,
thereby electrons are transferred to molecular oxygen,
leading to excessive production of superoxide
(Brownlee, 2001; Rask-Madsen and King, 2013).

NO has an antioxidant effect, but paradoxically,
endothelial NO synthase (eNOS) can be a source of ROS
by eNOS uncoupling. Tetrahydrobiopterin (BH,) has
been implicated in the mechanism of eNOS uncoupling
(Li et al., 2014). To generate NO from L-arginine, eNOS
requires cofactors such as BH,. Under pathological
conditions, including diabetes, BH, is oxidized to
dihydrobiopterin (BH,) and the amount of BH, is
restricted, leading to production of superoxide but not
NO (Li et al., 2014).

Rho/Rho-kinase

Rho is a small GTPase binding protein that belongs
to the Ras superfamily. Rho is localized mainly in the
cytosol as a GDP-bound form (inactive form). Under
physiological conditions, Rho is translocated to the cell
membrane, turns into the GTP-bound form (active form)
and then activates downstream signaling through Rho-
kinase, an effector of Rho (Ishizaki et al., 1996).
Hyperglycemia, growth factors, and cytokines have been
shown to activate Rho (Zhou et al., 2011b). Rho-kinase
inhibits myosin phosphatase through myosin
phosphatase subunit 1 (MYPT1) phosphorylation,
thereby inducing cytoskeletal reorganization. Rho-kinase
has two isoforms, ROCK1 and ROCK2. Increased Rho-
kinase activity has been implicated in the pathogenesis
of DN (Fig. 2). Rho activation is controlled by the three
following factors. The first one is guanine exchange

factor (GEF). GEF promotes the conversion of GDP to
GTP, thereby activating Rho. The second one is GTPase-
activating protein (GAP), which promotes the
conversion of GDP by hydrolyzing GTP and inhibits
activation of Rho. The third one is guanine dissociation
inhibitor (GDI), which suppresses the dissociation of
GDP from Rho, maintaining Rho inactive. ROS and
PKC are involved in high glucose-mediated Rho
activation. It has been demonstrated that high glucose-
mediated Rho-kinase activation can be inhibited by
antioxidants in vascular endothelial cells (Rikitake and
Liao, 2005). Since DAG promotes activation of GEF, the
DAG-PKC pathway is thought to be involved in
regulating Rho-kinase activity. In addition to PKCp, the
involvement of PKCa in regulating Rho activity has
been suggested. PKCa phosphorylates GDI and inhibits
its function, thereby inducing Rho activation (Mehta et
al., 2001). Although more than 70 GEFs and GAPs have
been identified, no specific GEF that is activated under
diabetic conditions has been elucidated. cAMP/protein
kinase A (PKA) is known to have an inhibitory effect on
Rho. The endothelial expression of Rho/Rho-kinase is
inhibited by GLP-1 receptor agonist exenatide, and this
inhibition is negated by H89, a PKA inhibitor (Wang et
al., 2013). Finally, statins have been shown to block
Rho/Rho-kinase activity (Zhou et al., 2011b). To bind
GTP, Rho undergoes isoprenylation (geranyl-
geranylation). Statins are known to inhibit synthesis of
isoprenoids (geranylgeranyl-pyrophosphate and
farnesyl-pyrophosphate), intermediates of the cholesterol
synthetic pathway, which results in suppression of
Rho/Rho-kinase activity.

Rho/Rho-kinase in Diabetic Nephropathy
Mesangial cells

Excessive ECM production from mesangial cells is a
major cause of glomerulosclerosis in DN. A number of
factors are involved in this process, including growth
factors, inflammatory cytokines, macrophage infiltration
and hypoxia. Rho/Rho-kinase has been shown to
regulate these factors, thereby promoting ECM
production from mesangial cells. Our laboratory
demonstrated that fasudil, a specific Rho-kinase
inhibitor, ameliorated albuminuria in diabetic rats
accompanied by inhibition of the TGF-f§ and Nox4
expression in the renal cortex (Gojo et al., 2007). A
subsequent study confirmed that Rho-kinase inhibition
attenuated albuminuria and pathological changes in the
glomeruli, such as mesangial expansion and thickening
of the glomerular basement membrane (GBM), in db/db
mice (Peng et al., 2008). Accordingly, we investigated
the mechanisms by which Rho-kinase promotes ECM
production under diabetic conditions, focusing on
transcription factors hypoxia-inducible factor (HIF)-1a
and nuclear factor (NF)-«B that are involved in the
pathogenesis of DN (Sanchez and Sharma, 2009; Isoe et
al., 2010; Nayak et al., 2016). The administration of
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fasudil attenuated albuminuria and glomerulosclerosis in
db/db mice accompanied by inhibiting the expression
levels of fibrotic factors such as TGF-, CTGF, and
fibronectin (Matoba et al., 2013). Nuclear translocation
of HIF-1a was increased in the renal cortex of db/db
mice. However, fasudil treatment attenuated the nuclear
translocation of HIF-1a and the expression levels of
HIF-1o target genes, such as VEGF and CTGEF, in the
renal cortex (Matoba et al., 2013). Rho-kinase blockade
promoted proteasomal degradation of HIF-1a (Matoba
et al., 2013), indicating that Rho-kinase prevents
ubiquitination and subsequent proteasomal degradation
of HIF-1a., thereby eliciting the fibrotic response in
mesangial cells. We observed that Rho-kinase blockade
inhibits macrophage infiltration into the glomeruli in
db/db mice (Matoba et al., 2014). Moreover, TNF-a-
mediated induction of chemokines, such as macrophage
colony stimulating factor (M-CSF) and monocyte
chemoattractant protein (MCP)-1, was inhibited by Rho-
kinase blockade (Matoba et al., 2010; Matoba et al.,
2014). A mechanistic analysis revealed that Rho-kinase
blockade attenuates TNF-a-induced nuclear trans-
location of NF-«B by inhibiting p38MAPK-dependent

actin dynamics (Matoba et al., 2014). Taken together,
Rho-kinase mediates nuclear translocation of HIF-1a.
and NF-»#B under diabetic conditions, thereby promoting
fibrotic and inflammatory responses in mesangial cells,
leading to glomerulosclerosis.

Endothelial cells

Hyperpermeability of glomerular endothelial cells
(GEnCs) plays an important role in the development of
DN (Liu et al., 2007). The endothelial tight junction (TJ)
is a structural barrier to maintain endothelial
permeability. Occludin and zonula occludens (ZO)-1 are
major components of the TJ complex. High glucose
inhibits occludin expression and disrupts occludin/ZO-1
translocation, leading to hyperpermeability in GEnCs.
Rho activation and subsequent actin cytoskeleton
remodeling have been shown to be involved in VEGF-
mediated hyperpermeability in GEnCs (Zeng et al.,
2005). It has been shown that Rho/Rho-kinase activation
mediates high glucose-induced dysregulation of
occludin/ZO-1 in GEnCs. Furthermore, occludin/ZO-1
dysregulation is observed in the glomeruli of db/db mice

Endothelial Cells Tubular Epithelial Cells
TJ disruption EMT
Hyper-permeability Endocytosis

Rho-kinase

N
' 4

»

Mesangial Cells Podocytes
ECM production Effacement
Chemokine production Apoptosis

Fig. 2. Rho-kinase in DN. Rho-kinase activation disrupts the
cellular function of mesangial cells, podocytes, glomerular
endothelial cells, and tubular epithelial cells, leading to the

development of DN.
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accompanied by albuminuria and Rho/Rho-kinase
activation, all of which are inhibited by statin (Peng et
al., 2013). Recently, Rho-kinase has been shown to
mediate high glucose-induced EndMT in GEnCs,
leading to increased endothelial permeability (Peng et
al., 2016). Interestingly, Rho-kinase inhibition
suppressed a-SMA expression in GEnCs and
albuminuria in db/db mice (Peng et al., 2016). These
findings demonstrate that Rho-kinase plays an important
role in the glomerular endothelial dysfunction and
hyperpermeability that cause DN.

Podocytes

Podocyte abnormality is an important feature of DN.
A previous study revealed that diabetic mouse models
(STZ-induced diabetic mice and db/db mice) with
targeted deletions of ROCK1 showed attenuation of
albuminuria together with inhibition of glomerulos-
clerosis (Wang et al., 2012). An inducible podocyte-
specific knock-in mouse expressing a constitutively
active mutant of ROCK1 developed albuminuria and
glomerulosclerosis in the diabetic milieu. ROCK1 was
shown to mediate glomerular apoptosis and mito-
chondrial ROS production. Mechanistically, the authors
identified ROCKI as a potent regulator of mitochondrial
dynamics by triggering mitochondrial fission by
phosphorylating Drpl at serine 600, a substrate of
ROCKI1, under diabetic conditions (Wang et al., 2012).
Studies investigating the role of Rho in the podocyte
function showed somewhat conflicting results. Welsh
and colleagues reported that Rho has protective effects
on podocytes. Rho activation by insulin signaling is
essential for actin cytoskeleton remodeling in podocytes
(Welsh et al., 2010). Asanuma et al. demonstrated that
synaptopodin modulates the podocyte actin cytoskeleton
and regulation of podocyte cell migration via regulating
Rho (Asanuma et al., 2006). These studies suggest that
Rho plays an important role in regulating the podocyte
structure and function. Future studies are necessary to
elucidate the precise role of Rho/Rho-kinase in
podocytes.

Tubular epithelial cells

The epithelial-mesenchymal transition (EMT) of
tubular epithelial cells is a crucial step in interstitial
fibrosis. A number of studies have revealed that
Rho/Rho-kinase signaling plays an important role in
EMT. Disruption of TJ proteins such as occludin and
Z0-1 is an early event in EMT (Blanco et al., 2004;
Ozdamar et al., 2005). It has been shown that Rho-
kinase inhibitor rescued TGF-f-mediated down-
regulation of occludin and ZO-1 in human renal
proximal tubular cells, indicating that Rho-kinase is
involved in disruption of TJ proteins during EMT
(Zhang et al., 2013). Furthermore, EMT has been shown
to be attenuated by benidipine through inhibition of
ROCKI1, an isoform of Rho-kinase, accompanied by a
decrease in the a-smooth muscle actin (SMA)

expression in diabetic rats (Wu et al., 2013). We also
demonstrated that sphigosine-1-phosphate (S1P) induces
Rho-kinase activation via its receptor S1P2, leading to
EMT, such as changes in distribution of E-cadherin and
an increase in the a-SMA expression in tubular epithelial
cells (Ishizawa et al., 2014). These findings indicated
that Rho-kinase plays an important role in the EMT of
tubular epithelial cells.

The multiligand endocytic receptors megalin and
cubilin have been shown to play a crucial role in protein
reabsorption and albumin uptake in proximal tubular
cells (Nielsen et al., 2016). A study utilizing ROCK1-
deficient diabetic mice showed that decreased
albuminuria was associated with protection against the
loss of megalin and cubilin in the renal cortex (Zhou et
al., 2011a). Consistent with this observation, Y-27632
rescued high glucose-mediated downregulation of
megalin and cubilin in cultured tubular epithelial cells
(Zhou et al., 2011a).

Conclusion

In this review, we highlighted various signaling
pathways underlying DN. In addition to hemodynamic
and metabolic mechanisms, a number of studies showed
that Rho-kinase is a key factor in the development of
DN. Rho-kinase may be an attractive therapeutic target
against DN. To date, statin is a practical option for Rho-
kinase inhibition. Future studies are required to validate
the clinical application of Rho-kinase inhibitors against
DN. Nevertheless, the most effective prevention for DN
is to manage not only diabetes, but also hypertension and
dyslipidemia because they all can trigger signaling
pathways that are involved in the development of DN. In
addition to such clinical efforts, future studies to identify
the factor which governs these signaling pathways may
provide a novel therapeutic target against DN.
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